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THE DIURNAL VARIATION OF SUMMER RAINFALL AT DENVER 
By ALBERT W. Coos 

[Weather Bureau Office, Denver. Colo., Fehrunry 19391 

At Denver, Colo., practically all of the precipitation 
that occurs during November, December, January, and 
Februnrg is in the form of snow. Rain has been recorded 
a few times during these months, but it was of short dura- 
tion or soon turned to snow. During htarch, April, and 
October considerable rain occurs, but the precipitntion is 
chiefly in the form of snow. During the rem:iiiider of the 
year, h b y  to September, inclusive, precipitation is chiefly 
rain, although considertible snow has fallen in RIay nnd 
September. The tipping-bucket gage cannot be usecl to 
measure snowfall; and hourly amounts of precipit:ttion, 
therefore, are not available from October to April, in- 
clusive. For that reason the diurnal variation in amounts 
and frequency for summer rainfall only will be discussed 
in this paper. I n  the last 20 years 55 percent of the 
precipitation has occurred during these 5 months. 

Data for the 20-year period, 1919 to 1938, inclrisivr 
were used. It is believed that this period is of sufficient 
length to smooth most of the abnormalities due tjo exces- 
sive rains for short intervals of time. 

The average hourly distribution of rainfnll is sliown 
graphically in figure 1. The same data are given in table 1 .  
An examination of these data shows that the largest 
amounts occur in the a€temoon and early evening hours. 
This characteristic is especially pronounced in July and 
Bugust. The amounts for the hours ending at  5 p. m. and 
9 p. 111. in hlay appear to be mucli a t  variance, but these 
abnormalities can be nccounted for by the occurrence of 
thunderstorms with excessive rainfall. In 1931, 1 .02 
incheq fell between 4 p. 111. nnd 5 p. m. LiLewise in 1 9 3 ,  
1.58 inches fell between 8 p. in. ttnd 9 p. 111. Both occa- 
sions were associated with thunderstorms, and both 
amounts were equal to one-third of the the total fall during 
the 20-year period for the respective hours. 

All months show a decided decline in average amounts 
between 1 1  p. m. a i d  1 p. ni. The ,area 
cipitation is 0.26 inch for the hour from 4 p. in. to 5 p. m. 
i n  August. The least amount, a trace, also occurred in 
August bctween 11 a. in. nnd noon. The total fall during 
this hour for the 20-yenr period wis only 0.05 inch. 

The duration of rninfnll was npproximatecl by consider- 
ing the hoim during whicli rain fell without regard to the 
eyact time of beginning and ending. Thus. all computa- 
tions were in multiples of 1 hour, and those hours wherein 
a trace only was recorded were kept separately. The 
total hours during which a trace of rain was recorde(1 are 
shown in figure 2. Fictire 3 shows the totd numher of 
hours in which 0.01 inch or more was recorded. To check 
more accurately the time of rainfall the actual beginnings 
and endings were considered during July for the entire 
20-year period. This method of computation gave a total 
time equal to approsiriiat,ely 70 percent of that given by 
the first, method in the case of measurable rains, 0.01 or 
more, and about 40 percent for traces only. Since the 
distribution curve is approximately the same by both 
methods, no additional computations were made for tlie 
other months. 

The periods of maximum frequency for traces only and 
for 0.01 or more occur in the afternoon and early evening. 
The frequency curves have the same general trend as the 
curves showng the average hourly amounts of rain. 
Compare figures 1, 2, and 3. 

The hour of greatest frequency, measurable amounts 
considered, is 5 p. m. to 6 p. m. in August. If traces only 

tire considered the greatest frequency is in the hour from 
4 p. m. to 5 p. m. in July. When the total frequency is 
considered. the maximum is from 4 p. m. to 5 p. m. in 
August. The hour of minimum frequency is from 4 a. m. 
to 5 a .  m. in July. In the 20 years under discussion meas- 
urable rain occurred just twice during this hour. In other 
words the cliances of rain in. this hour are 2 in 630. Using 
traces only, the hour of mininium frequency is the hour 
just preceding the time of minimum frequency for measur- 
able amounts, or 3 :I. m. to 4 a. m. in July. Three traces 
were recorded in this hour in 30 years. Frequency data 
are shown in table 2. 

An examination of the frequency charts reveals many 
interesting things. While it is conceded that measurctble 
rilins are of chief concern in the matter of outdoor :&vi- 
ties, transportation, etc., any discussion of rninfall fre- 
(1 uency should include traces along with the measurable 
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FIGITRE I.-Avcrnge hourly rainfall fur 20 yrnrs. 1919 to 1938. inclusive. Amounts in 
hundrcdt.hs of an inch. 

amounts because often measurable Rniounts a.re simply 
t,he ac.cumulnt,ed tot:Lls of preceding hoiirs. h/Ioreover, 
it hits been found thnt traces a t  t8he official gage of the 
Weather Burenu are oft.en nccoinpaaiecl by hea.vy showers 
newby. This is shown wry strikingly upon esnmina t.ion 
of tQe rainfall records of the cit,y office., locatNed in the 
heart of tlie business section of Denver, wit,li those of the 
airport station, locat.ed about 5 miles east-northeast of the 
city offic,e. 

The outstanding feature of t’he frequency charts is 
the paucity of rain between 11 p. 111. and 1 1  a. ni. In 
order to show this better the a.ctud number of times 
that rain occurred was plotted instead of the avernge 
for each hour. The avera.ge per hour for this period 
would be less than 1, traces only considered, in June, 
July, August, and September. The same holds true when 
measurable rains are considered, but is even more pro- 
nounced. There is a marked similarity in the trend of 
the curves for frequency and average hourly rainfall. 
Rainfall amounts during the night and forenoon are very 
small, which is to be expected in view of the low frequenc,y 
of occurrence. 
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During the 20 years under consideration there were 1 
May, 3 Junes, 10 Julys, 6 Augusts, and 5 Septembers 
when no measurable rain was recorded between midnight 
and noon. In the same 12-hour interval the total fall 
for the month exceeded 0.25 inch only 17 times in May, 
5 times in June, 4 times in July, 4 times in August, and 
7 times in September. If we divide the day into two 
12-hour periods it is found that 62 percent of the summer 
rainfall occurs in the daytime interval or between 8 a. m. 
and 8 p. m. However, if we take the 8 hours of maximum 
rainfall, or from 1 p. m. to 9 p. m. we find that 47 percent 

HA% HOUR EffLZffG PM 
2 4 6 8 1012 2 4 6 B M / 2  

FIGURE i.-Frequency of occurrenc@of a trace of precipitation. Figures indicate the 
total number of times that a trace occurred durlnp each hour for the period 1819 to 1938, 
inclusive. 
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FIGURE 3.-Frequency of occurrence of 0.01 inch or more. Figures indicate the total 
number of times that 0.01 inch or more has occurred during each hour in the period 1919 
to 1838, inclusive. 

of the rain occurs in this period in May, 52 percent in 
June, 73 percent in July, 75 percent in August and 44 
percent in September. The average for the entire 5 
months is 51 percent. 

Although rains of 1 inch per hour have been recorded 
during the period under discussion, they are not at  all 
common. This will be seen from an examination of the 
data. During the 20 years covered in this study rains of 
1 inch or more in 1 clock hour occurred twice in May, 
twice in July and three times in August. These numbers 
would be increased somewhat if rains of 1 inch or more per 
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hour were considered without reference to the clock hours. 
Considering the total fall for the day, it was found that 
surprisingly few days have had a total of 1 inch or more 
of rain. There were 5 days in May, 5 in June, 3 in July, 
4 in August, and 3 in September, when the total fall for 
the day was in excess of 1 inch. This makes a total of 
only 17 days in 20 years when a rainfall of 1 inch or more 
was recorded. The chances of 1 inch of rain on any 1 
day are small, indeed, or 17 in 3,060. This amounts to 1 
day in 180 or less than 1 per summer. 

The heaviest fall in any 1 hour was 1.73 inches for the 
hour 7 p. m. to 8 p. m. July 31, 1919; and the heaviest fall 
for any 1 day was 2.93 inches on August 23, 1921. 

It seems that the greater amounts of precipitation in the 
afternoon is directly associated with the daily thunder- 
storm distribution. Thunderstorm activity is usually not 
very well marked in May until after the middle of the 
month, and this may be a contributing factor in the more 
evenly distributed hourly rainfall values. The reverse 
situation occurs in September. Thunderstorm frequency 
wanes rapidly after the middle of the month, and this also 
contributes to a more uniform variation in hourly raiiifdl. 

A graph was prepared, figure 4, to show the diurnal dis- 
tribution of thunderstorms. Only the hour during which 
the thunderstorm began was used, hence no thunclerstorm 
is recorded in more than 1 hour. Thunderstornis a t  Den- 
ver are usually of short duration and it is riot o€ten tlint, 
one lasts longer than 2 hours. Most are terminated within 
1 hour after beginning. 

The close resemblance in the curves of figure 4 to those 
for the corresponding months in figures 2 and 3 is most 
striking. The paucity of thunderstorms between 10 p. m. 
and noon and the high concentration in the afternoon seein 
to justify the statement that the rainfall distribution is 
closely associated with the diurnal variation of thunder- 
storms. 

A further examination of the rainfall and thunderstorm 
data was made, and it was found that during May 44 
percent of the precipitation fell in connection w-itli thunder- 
storms. The percentages for June, July, August, ant1 
September are 75, 90, 87, and 37, respectively. I n  
making this compilation all the rain 011 any day during 
which a thunderstorm occurred was used, whether it 
fell in connection with the thunderstorm or nt some 
other time during the day. It is believed that there is 
justification for this, because if a thunderstorm occurred 
a t  any time during the day it would indicate thnt nn 
unstable condition existed. Any rain falling during such 
an unstable condition would be of thundershower type. 

At Denver the average number of thunclerstornis in 
May is 8;  in June, 13; in July, 14; in August, 15; and in 
September, 5. These storms are of such frequent occur- 
rence at  Denver, even more frequent in the neighboring 
mountains, that the public accepts them as conimon- 
place. However, to the meteorologist they are of more 
than passing interest. Studies of the causes, indications, 
and forecasting of the thunderstornls have been macle. 
While conclusive observational material is not availn hle 
at the present time, the results of these preliminary 
studies seem to indicate that the thunderstorms are local 
in character and influenced chiefly by the physical 
features surrounding Denver. 

Denver is situated in the Great Plains about 40 miles 
east of the maiu range of the Rockies, whose average 
altitude is in excess of 10,000 feet, and about 15 iniles 
east of the foothills. About 40 niiles south of Denver is 
an east-west connecting spur known as the Palmer Lake 
Divide. It has an altitude of about 7,300 feet. Denver 
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is about 5,380 feet above sen level and located near the 
southwest corner of the “pocket” formed by the main 
range and the spur. 

Except during periods of active cyclonic storms the 
nighttime wind at  Denver is light and parallels the main 
mountain range. Under such conditions the wind may be 
classed as a drainage wind and is predominatnly from the 
south. The eastward face of the Rockies presents a sur- 
face nearly normal to the first rays of the summer sun. 
In response to the greater heating there than over the 
level plains there is soon a flow of air up the mountain 
side and the wind a t  Denver shifts rapidly after sunrise 
from southerly to easterly and finally to a northeasterly 

FIGURE 4.--l)mmal distrihution ol thunderstorms at Denver. Cola. The figures ind- 
a t e  the total number ol storms lor each hour, 1919 to W Y ,  inclusir e .  

direction. Despite the fact that Denver is nearly 40 
miles from the iiiount,ains this shift in wind is pronounced 
and the easterly winds usually have velocities of 10 miles 
per hour or more. As the morning progresses, the flow of 
air toward the mountains becomes stronger; and if there 
is sufficient nioisture in the atmosphere cumulus clouds 
soon begin to appear along the mountains southwest of 
Denver. The first cumuli are usually visible before 10 
a. m. By noon the cumuli have grown into towering 
cumulo-nimbus clouds whose tops extend above the moun- 
taius. The fully developed thunderstorms then move out 
over the plains. However, they soon dissipate and it is 
not often that they are of any iniportance after they have 
travelecl 75 miles from the point of origin. 

One of these typical storms, on June 23, 1938, was 
studied in some detail. Rainfall records from cooperative 
stations were examined and it was found that 0.98 inch 
of rain fell a t  Bailey, about 30 miles south-southwest of 
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-- 

May __________. ~ 

June. - ~ _______._ 
JUIY ___..__._____ 
Aug _.__...______ 
Sept . .___...___ 

Denver. The fall a t  Denver was 0.28 inch. Stations 
west of Denver and north of Bailey reported falls ranging 
from 0.05 to 0.35 inch. There was only a trace at  Greeley, 
40 miles north-northeast of Denver. No rain was re- 
corded south of the Palmer Lake Divide and the only 
station east of Denver reporting rain was Byers, about 
30 miles, air line, and the amount was only 0.02 inch. 
In this case the storm appeared to move almost due north 
of the place of formation, near Bailey, with rain along its 
path and east of the Rockies. The storm dissipated north 
of Fort Collins, or about 80 miles from its source. No 
rain was recorded north of Fort Collins, but the fnll there 
was 0.30 inch. The time of occurrence of the thunder- 
storm a t  the cooperative stations is not known and for 
that reason the progress of the storm could not be checked. 

Sometimes these thunderstorms form simultaneously at, 
several plnces along the mount,nins. The direction of 
movement is northerly, northeasterly or easterly. Sout'h- 
erly or westerly movements have not been observed. 
This observation led to the supposition that the storms 
might be moving with the winds aloft over the niountnins. 
A few cases were studied in which it was certain that, the 
tops of the cumulo-nimbus were well above the height of 
the mountains, and in these cases the storm did move in 
the same general direction as the winds a t  14,000 feet as  
shown by the winds-aloft report from the Denver airport. 
However, much more study on this phase of the problem is 
necessary before a positive statement can be made. 

I t  is not intended to convey the impression tlint all 
thunderstorms at  Denver are of this type. Frontal 
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thunderstorms do occur, but it is recognized that the action 
along cold fronts in summer is not strong during the night 
because of the ground inversions that are so common. 
However, during the day thunderstorm activity along even 
weak fronts may be greatly accentuated. Furthermore, it  
is believed that many of the thunderstorms that occur after 
sunset are simply the aftermath of storms that were 
initiated during the day, but did not develop as rapidly as 
usual. 

SUMMARY 

* In this paper statistical data covering amounts and fre- 
quency of rainfnll at  Denver during the 5 summer months, 
May to September, inclusive, for the 20 years 1919 to 
1938, inclusive, are presented. These data show a high 
concentration of rainfall amounts and the highest fre- 
quencies in the afternoon and early evening with almost 
negligible amounts between midnight and noon, especially 
in June, July, and August. Thunderstorm data for the 
same period are presented nnd a close correlation between 
diurnal thunderstorm variation and daily rainfall varia- 
tion exists. It is concluded that the thunderstorms are 
the prime factor in summer rainfall distribution a t  Denver. 

The paper by Alexander * has an excellent bibliography 
on this subject, but to be complete the discussion of San 
Francisco rainfall by Counts should be added to it. 

Trams _______________._________________ 
0.01 or more _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ _  _._ 

Total _.________._________________ 

Traces .___________ ~ __._.________.__._._ 
0.01ormore ________.._.________-----.- 

Total _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Traces .____.______________-.-...-.----- 
O.Olormore.-. ______.________.....____ 

Tota l____________.___.___-- . - - - . .  

Traces ....__._.__._..._____________.__. 
0.01ormore .________.___._____.__ ~ .___ 

Total _______________.._._------.- 

Trams _._______________._._____________ 
0.01or more _________________.________. 
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1 Alexander, H. F. A Study of the Hourly Precipitation a t  Oklahoma City, Okl., 

2 Counts R Corday Jr. Hourly Frequency and Intenslty of Ralnfall at 9811 Francisco, 
Monthly Weather Review, 1938. 66: 126-128. 

Calif. Mdnthly Weather Review, 1933, 61: 225-228. 
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night A. Y. Noon P. Y. 
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TABLE 1.-Average hoiiriy distribution of precipitation at Denver, Colo., for the 90-year period, 1919-88, inclusive 
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